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Abstract 

Purpose With the tremendous growth in the worldwide 
electronic information and telecommunication industries, 
there continues to be an increasing awareness of the envi¬ 
ronmental impacts related to the accelerating mass produc¬ 
tion, electricity use, and waste management of electrical and 
electronic products (e-products). Although Macau is a small 
region with a total land area of about 29.5 km and a 
population of 557,000 in 2011, there are two personal com¬ 
puters (PCs) for every household in Macau. 

Methods This paper aims to describe the application of life 
cycle assessment (LCA) to investigate the environmental 
performance of PCs in Macau. An assessment of the PC 
(focusing on the desktop PC) was carried out using a de¬ 
tailed modular LCA based on the international standards of 
the ISO 14040 series. The LCA was constructed using 
SimaPro software version 7.2 and expressed with both 
the Eco-indicator’99 method and the Centrum voor 
Milieuwetenschappen method. Life cycle inventory in¬ 
formation was compiled by Ecoinvent 2.2 databases, 
combined with literature and field investigations of the 
actual situations. 

Results and discussion The established LCA study showed 
that the manufacturing and the use of such devices are of the 
highest environmental importance. In the manufacturing 
stage, the desktop contributes the most to the total environ¬ 
mental impacts (44.89 Pt), followed by the LCD screens 
(about 27.53 Pt), while the CRT screen, keyboard, and 
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mouse are of minor importance. During the use phase, the 
environmental impact is due entirely to the consumption of 
electricity generated by coal, oil, natural gas, and hydropower. 
The electricity generated by coal is by far the most important, 
accounting for about 66 % of the total environmental impact, 
followed by oil and gas. Within the EoL treatment phase, 
using incineration, there will be little environmental impact. 
When adopting recycling technology in the EoL phase, ap¬ 
parent environmental benefits will be generated due mainly to 
avoiding emissions to water (arsenic ions and cadmium ions) 
and to air (S0 2 ) in the primary production phase. For the 
competing technologies of CRT and LCD screens, the envi¬ 
ronmental impacts are different in different phases, but the 
total impacts over their entire life cycle are similar. 
Conclusions Results from a life cycle assessment can be 
used to compare the relative environmental impacts of com¬ 
peting technologies; it can also help designers and managers 
to focus efforts toward making environmental improve¬ 
ments to a particular technology. 

Keywords Desktop PC • Electronics • Environmental 
impacts • Life cycle assessment • Macau 

1 Introduction 

The demand for personal computers (PCs) is growing fast, 
driven by increasing prosperity and rapid technological 
change, and Macau is no exception. Macau society has 
experienced significant changes in the past decade. Rapid 
economic development has fostered the increased consump¬ 
tion of electronic products, especially PCs. The use of 
electrical and electronic products has become commonplace 
in households, as well as in government, institutions, organ¬ 
izations, and the business sector. In 2010, the total net 
import of PCs was about 94,447 units (in an area of only 
29.5 km with a population of about 557,000). As shown in 
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Table 1 Number of units and weight of net imported PCs in Macau 


Item 

2000 

2001 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

2010 

Number (units) 

5,457 

9,788 

14,533 

21,308 

34,165 

40,169 

70,026 

57,306 

47,494 

71,018 

94,447 

Weight (t) 

82.44 

159.95 

155.3 

226.6 

279.1 

289.04 

664.88 

419.53 

348.38 

369.25 

386.641 


Table 1 , the number of the desktop PCs and laptops was 154 
units and 56 units per 100 households in Macau, respective¬ 
ly (Song et al. 2012b). This high usage of e-products, 
combined with the products’ decreasing lifetimes, has 
resulted in the generation of a large amount of e-waste in 
Macau. This generation was estimated at about 16 kg per 
capita in 2010, which is close to the average generation 
amount (16-18 kg per capita) in EU countries (UNU 
2008), and it is estimated to continue to increase by 3 % a 
year (Song et al. 2012b). 

While this increasing production and use has produced 
significant economic benefits and convenience at both the 
national and community levels, it has also placed increasing 
pressure on the local and global environments (Puckett et al. 
2002; Widmer et al. 2005; Wong et al. 2007). 

Throughout its life cycle, the PC generates many environ¬ 
mental impacts. The production of PCs is complex, utilizing 
many different substances, including both hazardous materials 
and precious metals. The use phase of a PC consumes consid¬ 
erable amounts of electricity. And, finally, the disposal of elec¬ 
tronics [i.e., End-of-Life (EoL) treatment] can produce severe 
impacts on human health and on the ecosystem when they are 
not well managed. The more complex components of a PC— 
printed wiring boards (PWBs), for example—contain a large 


variety of substances, including precious metals such as gold, as 
well as hazardous materials such as lead (Morf et al. 2007; 
Robinson 2009). Other PC ingredients include brominated 
flame retardants, tin-lead soldering on the PCB, polychlorinated 
biphenyl in the transformer, and mercury in the switch (Qu et al. 
2007; Deng et al. 2007; Liu et al. 2008). Human exposure to 
such chemical substances may increase the risk of developing 
cancer and can even be a direct cause of death (Tekwawa et al. 
1997). Lead, and very high levels of PBDEs, PCDDs, PCDFs, 
PBDDs, and PBDFs, have been found in air, bottom ash, dust, 
soil, water, and sediments in the e-waste recycling areas of 
developing countries such as China and India (Sepulveda et al. 
2010; Fang et al. 2005; Li et al. 2007; Leung et al. 2008). 

Increased awareness of the importance of environmental 
protection and the possible impacts associated with products 
manufactured, distributed, consumed, and EoL-managed has 
increased interest in the development of methods to better 
understand and address these impacts. One of the techniques 
being developed for this purpose is life cycle assessment 
(LCA) (ISO 2000; Rivela et al. 2006; Asari et al. 2008; Bakri 
et al. 2010; Prasara and Grant 2011; ETSI TS 103 199 2011). 
An LCA study can be used to evaluate environmental burdens 
associated with a product, process, or service by identifying 
energy and materials used and emissions released into the 


Fig. 1 Geographical situation 
of production and distribution 
of desktop PC systems used 
in Macau 
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environment; moreover, it can identify opportunities for im¬ 
provement (Consoli et al. 1993; LG 1997; Andrae et al. 2008). 
LCA methodology is the internationally standardized method 
for identifying and assessing the environmental impacts related 
to electronic products, and is considered one of the most 
effective management tools (Hischier and Baudin 2010; 
Socolof et al. 2005; Wager et al. 2011; Wittmaier et al. 2009; 
Saner et al. 2012). At present, many studies have applied the 
LCA methodology to the impacts of PC products (Duan et al. 
2009; Socolof et al. 2005; Choi et al. 2006) or to other 
information and communication technologies (Schamhorst et 
al. 2005, 2006; Hertwich and Roux 2011). In addition, some 
studies have done some comparison of different research 
results, focusing on the consistency of environmental impacts 
(Anders and Andersen 2010; Andrae 2011; Teehan and 
Kandlikar 2012). In contrast to studies that encompass the 
entire life cycle of e-products, some studies focus on 
the end-of-life phase of e-products only (Wager et al. 
2011; Huisman 2003). The broad perspective of LCA, 
however, makes it possible to study all types of electrical 
and electronic equipment, throughout their life cycles, 
and also to take into account the significant environmen¬ 
tal benefits of the electronic products. 

For this study, a desktop PC system was chosen, as it is a 
very complex electronic device; and its results will allow 
general conclusions, applicable to the entire e-product in¬ 
dustry, thereby providing some valuable information for the 
management of e-products and e-waste in Macau. 

2 Materials and methods 

2.1 Goals and scope 

2.1.1 Objectives of the study 

The environmental performance of the desktop PCs used in 
Macau was calculated by conducting an LCA study based 
on the international standards of the ISO 14040 series (ISO 
2000; Rebitzer et al. 2004; Pennington et al. 2004). The 
product system analyzed in this study was a standard desk¬ 
top PC that included a processing unit and a graphical user 
interface device (CRT or LCD monitor). The objective of 
this case study was to establish a scientific baseline that 
evaluates the key environmental impacts related to desktop 
PCs. Besides this detailed view on the environmental 
impacts of a desktop PC device, a second goal of the study 
was to do an initial comparison of the two competing 
graphical interface technologies on the market (i.e., CRT 
and LCD). The desktop PC was chosen because it is one of 
the most prevalent electronic devices in Macau, as men¬ 
tioned above, and because the results of this study can lead 


to general observations that can be valuable for the entire 
e-product industry. 

2.1.2 System boundaries 

The scope of the present study was thus a traditional LCA 
from cradle to grave, i.e., from the extraction of the various 
resources used in the production of such a desktop PC 
device to the final dismantling and recycling or disposal 
activities at the end of the life of such a device. This scope 
is shown graphically in Fig. 1. Here, the production phase 
was completed in other regions and countries (primarily 
mainland China, Hong Kong, and the USA). For the distri¬ 
bution phase, ground and air transportation through other 
regions and countries were excluded from this study, and 
only ocean freight was considered (due to lack of the miles 
distances for ocean transportation, the linear distances be¬ 
tween Macau and import regions were used in this study). In 
addition, the use phase was limited to Macau. When the 


Table 2 Main components of the dismantled desktop PC device 



Categories 

Weight (kg) 

Percentage 

Desktop 

Iron housing 

4.95 

47.28 % 


Plastic housing 

0.16 

1.53 % 


Printed wiring board 

0.66 

6.30 % 


CD-ROM/DVD ROM 

0.75 

7.16 % 


Power supply unit 

1.62 

15.47 % 


Hard disk 

0.55 

5.25 % 


Cable 

0.14 

1.34 % 


Radiator (Al) 

0.57 

5.44 % 


Fan 

0.07 

0.67 % 


Packing 

1 

9.55 % 


Total 

10.47 

100.00 % 

CRT screen 

Iron 

0.58 

3.57 % 


Deflecting coil 

0.79 

4.87 % 


Plastic housing 

2.14 

13.19 % 


Printed wiring board 

1.10 

6.78 % 


Cable 

0.74 

4.56 % 


Cathode ray tube 

9.48 

58.41 % 


Packaging 

1.40 

8.63 % 


Total 

16.23 

100.00 % 

LCD screen 

Plastic housing 

1.75 

25.64 % 


Iron 

2.02 

29.60 % 


Printed wiring board 

0.42 

6.15 % 


Cable 

0.15 

2.20 % 


LCD panel 

1.66 

24.32 % 


Packing 

0.825 

12.09 % 


Total 

6.825 

100.00 % 
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Table 3 Electricity sources and composition in Macau 


Item 


2010 

2009 

2008 

2007 

Percentage 

Local (million kWh) 


1,028.9 

1,405.4 

1,152.2 

1,453.5 

36 % 

Imported from mainland China 
(million kWh) 


2,786.5 

2,226.7 

2,310.9 

1,683.4 

64 % 

Local (million kWh) 

Oil 

349.826 

— 

— 

— 

12 % 


Natural gas 

679.074 

— 

— 

— 

24 % 

Mainland China (billion kWh) 

Coal 

3,330.13 

2,982.78 

2,785.74 

2,721.83 

53 % 


Hydropower 

721.02 

615.64 

527.69 

482.88 

11 % 


desktop PCs reach their end-of-life phase, there are gener¬ 
ally two treatment locations. The units from government 
agencies and private business enterprises end up mainly in 
municipal incineration in Macau, while other discarded PCs, 
especially those from household sources, are usually trans¬ 
ported into mainland China (usually Guangdong Province) 
and end up in informal treatment facilities. For the informal 
recycling sectors, however, reliable quantitative data on e- 
waste flows treated under informal sectors in mainland 
China were not available; therefore, the environmental 
impacts were not considered in this study. 

2.1.3 Functional unit 

The functional unit for the study was one unit desktop PC 
system (Dell), mainly produced in the mainland China, 
Japan, and USA, used during 8 years, 6.8 h/day in Macau; 


and end in the Macau Incineration Plant. The desktop PC 
considered in this study consists of four different subunits: 
the desktop computer itself, the screen (CRT 17-inch or 
LCD-17 inch), the standard keyboard, and the mouse. In 
addition, according to a field survey in 2010, the number of 
LCD and CRT monitors was 119 units and 35 units per 100 
households in the usage stage, respectively. Therefore, the 
examined PC system was assumed to comprise 23 % CRTs 
and 77 % LCD screens. 

2.2 Life cycle inventory 

As in many other cases, the achievement of adequate LCI 
data in our study turned out to be virtually impossible 
because of a complete lack of willingness on the part of 
the companies producing this type of desktop PC device to 
divulge information on their product components and pro- 


Fig. 2 Recycling technology 
for the trial project in Macau 
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cesses. Therefore, an “inverse approach” was used, utilizing 
a desktop PC device at the end of its life to identify these 
components and processes by dismantling the device. 
Where necessary, more detailed identification can be 
obtained by chemical analysis. In this way, a detailed com¬ 
position of the desktop PC device was established, and its 
composition is summarized in Table 2. 

In addition to determining the composition of the 
desktop PC, a complete environmental assessment of 
the manufacturing phase still required collecting data on 
the extraction and processing of materials (i.e., upstream 
processes), the production of the electronic components, 
and final assembly processes. For this purpose, the data¬ 
base Ecoinvent data v2.2 was used. This database con¬ 
tains international industrial life cycle inventory data on 
energy supply, resource extraction, materials supply, 
chemicals, metals, agriculture, waste management serv¬ 
ices, and transportation services, which can provide the 


most relevant, reliable, transparent, and accessible LCI 
data for users all over the world. 

For the use pattern, it was assumed that a typical unit would 
be active 4.2 h per day and in either standby or sleep mode for 
2.6 h per day, over a period of 4 years, before the complete 
system was handed over for EoL treatment. In addition, based 
on the field survey in 2010, the number of PCs in use at homes 
and offices were about 379.1 and 138.2 thousand units (in¬ 
cluding the laptop PCs), respectively. It was assumed that 
about 73 % of these were in home use and 27 % in office 
use, in Macau. For the use phase, the major environmental 
impact came from electricity consumption. According to the 
Statistics and Census Service Macao SAR Government 
(DSEC), the electricity in Macau comes from two sources— 
imported from mainland China (primary) and the power plant 
in Macau (Table 3). The primary resource for electricity 
generation in both Macau and China is coal, accounting for 
about 53 % of the electricity consumption in Macau. 


Table 4 Values and assumptions for the various processing steps in the life cycle of a desktop PC device 


Life cycle stage 


Data source 

Covered area 

Assumptions and limitations 

Manufacturing 

Extraction of resources 

Ecoinvent data v2.2 

Global 

— 


Processing of basic materials 

Ecoinvent data v2.2 

Global 

— 


Production of electronic components 

Ecoinvent data v2.2 

Global 

— 


Composition data 

Dismantling at EoL 

Macau 

— 


Final assembly 

Ecoinvent data v2.2 

Global 

— 

Distribution 

Transportation tools 

Oceanic freighter, diesel 
powered; lorry 3.5-7.5 t 

Global 

Consider only the ocean 
freight and the transportation 
in Macau 


Weight 

Field survey 

Macau 

Average weight: 19.88 kg 


Distances between Macau 
and the source countries or regions 

Distance calculation 
(http: // w ww. j isuan. info/) 

Macau 

Average distance: 3,207 km. 
Mainland China: 1,590 km, 

Hong Kong: 62 km, USA: 

12,762 km, Japan: 2,850 km, 
Singapore: 2,554 km 
(all linear distances) 


Distances in Macau 

Field survey 

Macau 

15 km 

Use 

Consumption pattern 

Field survey 

Macau 

73 % home use, 27 % office use; 

23 % CRT, 77 % LCD 


Electricity consumption 

Macau 

China 

4.2 h active and 2.6 h standby mode 


Electricity mixes 

Mainland China and 

Macau statistics data 

China/Macau 

Macau (12.24 % oil, 

23.76 % natural gas); Mainland 
China (53.12 % coal, 

10.88 % hydroelectricity) 


Power 

Field survey 

Macau 

Desktop: 150 W active mode, 20 W 
standby mode 

CRT: 80 W active mode, 5 W 
standby mode 

LCD: 35 W active mode, 2 W 
standby mode 

End of life (EOL) 

Transport distance 

Field survey 

Macau 

15 km (lorry 3.5-7.5 t) 


Incineration 

Recycling 

Field survey and statistical 
data from DSEC 

Field survey and literatures 

Macau 

Macau/China 



Recovered materials and electricity 

Ecoinvent data v2.2 

Global 

— 


4^ Springer 
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Fig. 3 Environmental impacts over the entire life cycle of a desktop 
PC 


which is equipped with pollution control systems, electricity 
generation, and scrap metal recovery facilities. The data on 
MIP was collected by a field survey. At present, the Macau 
government is carrying out a trial project on e-waste treat¬ 
ment, based primarily on Chinese manual dismantling tech¬ 
nology (Song et al. 2012a). Therefore, we compared, by life 
cycle assessment, incineration and the trial project whose 
data was obtained from the field survey. The recycling 
technology used in the trial project is shown in Fig. 2, 
although because there were some restrictions in the trial 
project, some flow directions in Fig. 2 refer to the treatment 
method in mainland China. 

Table 4 summarizes the key characteristics and assump¬ 
tions used in this LCA study for the various components, 
materials, and processing steps of the examined desktop PC 
device. 


The total lifespan assumed in this study was 4 years, 
including the EoL treatment phase. In Macau, there are no 
specific e-waste recycling facilities (Song et al. 2012b). 
Because of Macau’s small geographic area and consequent 
high cost of land, solid waste incineration has been given a 
top priority over other waste disposal methods in Macau. 
According to the survey, some e-waste is mixed with house¬ 
hold waste and, along with e-waste from the government 
sectors, is treated in the Macau Incineration Plant (MIP), 


2.3 Life cycle impact assessment (LCIA) 

For the impact assessment, the two well-known Dutch 
LCIA methods were used: the Eco-indicator’99 and the 
so-called Centrum voor Milieuwetenschappen (CML) 
methodology (Guinee et al. 2001). The Eco-indicator’99 
(end-point) and CML (mid-point) methods are comple¬ 
mentary. The results of one method can be tested and 
verified by the other method, and at the same time, the 


Table 5 Major contributors to 
the environmental impacts of a 
PC system (Pt) 


Item 


Manufacturing 

Distribution 

Use 

EoL 

Fossil resources 

Coal 

— 

— 

1.70 

— 


Oil 

4.78 

0.05 

8.91 

-0.01 


Gas, natural, in ground 

5.47 

— 

8.83 

-0.01 

Metal resources 

Nickel 

0.29 

— 

— 

-0.02 


Copper 

0.10 

— 

— 

— 


Tin 

1.48 

— 

— 

— 

Emissions to air 

Nitrogen oxides 

2.69 

0.08 

10.21 

— 


Carbon dioxide, fossil 

0.66 

0.01 

6.46 

— 


Particulates, <2.5 pm 

2.27 

— 

10.62 

-0.02 


Sulfur dioxide 

2.57 

— 

11.78 

— 


Chromium 

0.25 

— 

— 

— 


Particulates, >2.5 pm and <10 pm 

0.71 

— 

0.75 

-0.02 


Methane, fossil 

— 

— 

0.71 

— 


Zinc 

0.12 

— 

— 

— 

Emissions to 

Arsenic, ion 

30.20 

— 

5.57 

0.01 

water 

Cadmium, ion 

19.80 

— 

— 

— 


Copper, ion 

1.11 

— 

— 

0.53 


Nickel, ion 

— 

— 

— 

0.01 

Others 


12.86 

— 

4.31 

-0.02 

Total 


85.35 

0.15 

69.86 

0.46 
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Table 6 Environmental impacts of different influence categories (expressed by the CML method) 


Categories 

Units 

Manufacturing 

Distribution 

Use 

EoL 

Abiotic depletion (ADP) 

kg Sb eq 

3.13E+00 

7.48E-03 

8.47E+00 

-1.03E-02 

Acidification (AP) 

kg S0 2 eq 

3.09E+00 

1.57E-02 

1.14E+01 

-4.05E-03 

Eutrophication (EP) 

kg P0 4 eq 

3.51E+00 

3.64E-03 

9.64E-01 

-1.72E-03 

Global warming (GWP) 

kg C0 2 eq 

4.44E+02 

1.21E+00 

1.34E+03 

3.28E+00 

Ozone layer depletion (ODP) 

kg CFC-11 eq 

3.73E-05 

2.20E-08 

3.03E-05 

-4.08E-08 

Human toxicity (HTP) 

kg 1,4-DB eq 

1.42E+03 

9.09E-01 

3.14E+02 

3.14E+01 

Fresh water aquatic ecotoxicity (FAETP) 

kg 1,4-DB eq 

7.88E+02 

3.15E-01 

1.65E+02 

5.69E+01 

Marine aquatic ecotoxicity (MAETP) 

kg 1,4-DB eq 

1.95E+06 

1.13E+03 

4.03E+05 

1.27E+04 

Terrestrial ecotoxicity (TETP) 

kg 1,4-DB eq 

4.12E+00 

3.92E-04 

2.48E+00 

-2.45E-02 

Photochemical oxidation (PCOP) 

kg c 2 h 4 

1.86E-01 

2.95E-04 

4.37E-01 

-6.26E-04 


sensitivity analysis of life cycle assessment can be com¬ 
pleted through the two methods. 


3 Results and discussion 

3.1 Environmental impacts of the complete life cycle 
of a PC 

The results of the impact assessment of the complete life 
cycle of a desktop PC device, as shown in Fig. 3, were that 
manufacturing (including raw material extraction and pro¬ 
cessing, components production, and PC assembly) and use 
generate significantly more impacts than the two other life 
stages. Despite the fact that desktop PCs are imported from 
mainland China, the USA, and other Asian countries and 
regions—which means long transportation distances in the 
distribution step—the impact due to distribution remains 
very low compared to all other phases, accounting for less 
than 0.1 %. Also, in Macau, the e-waste was treated in 
incineration plants with pollution control equipment; there¬ 
fore, the environmental impact is very low, accounting for less 
than 0.5 %. At the same time, because some of the iron is 
recycled and the heat produced in the incineration process is 
used to generate electricity, there are some environmental 
benefits in this phase (see also Table 5). Another conclusion 
from Fig. 3 is that the environmental impacts on resources and 
human health are more significant in the life cycle assessment 
of desktop PCs than are the impacts on ecosystem quality. 

These results are shown in more detail in Table 5, which 
lists the main contributors to the environmental impact, for the 
four relevant life stages. Here, the highest impacts were from 
As and Cd emissions to water, accounting for about 60 % of 
the environmental impact, from the first step—manufacturing, 
due to the extraction and processing of these metals. For the 
distribution step, the highest environmental impacts were 
from emission into the air. Due to the high electricity 


consumption of the desktop PC during its use phase, the most 
important impacts in this step were from emissions to the air, 
generated during the 4-year average effective lifespan for a 
desktop PC. Since, in Macau, electricity is produced mainly 
by coal, the high electricity use also causes high consumption 
of fossil resources, resulting in high S0 2 and PM2.5 emis¬ 
sions. Because the electricity (produced by coal) is imported 
from mainland China, the main environmental impacts take 
place there. The EoL step shows small negative values for its 
part of the environmental impacts, especially for emissions to 
the air. This shows that there is an environmental benefit since 
recycling iron and thermal energy can be expressed as 
“avoided primary production.” However, the incineration pro¬ 
cess produces emissions to water, causing this impact to be 
large relative to other EoL impacts. Overall, though, the EoL 
phase has low environmental impact. 

As can be seen from Table 6, all CML factors show a 
picture similar to the Eco-indicator’99 method—i.e., the 
distribution step was of no importance, and the EoL phase 
led to a more or less environmental benefit, while the 
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Fig. 4 Environmental impacts of the manufacturing phase 
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Fig. 5 Environmental impacts 
of the manufacturing phase of 
the desktop expressed with 
the CML method 
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remaining two phases (manufacturing and use) showed 
higher environmental impacts. In the details, however, there 
were rather large differences among the various impact 
factors. For environmental impacts (ADP, AP, GWP, and 
TETP), the use phase was the most important. For other 
impact categories, the manufacturing phase was of more 
importance. And the environmental impacts of HTP and 
FAETP in the EoL phase were relatively larger than those 
of other categories. 

3.2 Details of the various life cycle phases 
3.2.1 Manufacturing phase 

As shown in Fig. 3, the manufacturing phase had the highest 
impact. Hence, a more detailed view into this first life stage 

Fig. 6 Environmental impacts 
of the manufacturing phase of 
the CRT screen expressed 
with the CML method 


was established, distinguishing first between the various 
parts that belong to such a PC system—i.e., the desktop 
PC itself, the screen (CRT, LCD), the keyboard, and the 
mouse. In Fig. 4, the resulting environmental impacts of 
these various parts are shown. The results show that the 
desktop PC had the greatest contribution to environmental 
impacts (44.89 Pt), followed by the LCD screens (about 
27.53 Pt), while the CRT screen, keyboard, and mouse were 
of minor importance. 

A more detailed view on the first three devices—the 
desktop PC and the two screen types—is shown in Figs. 5, 
6, and 7 (expressed by CML method). Here, it can be seen 
that the environmental impacts of a desktop PC were clearly 
dominated by the PWB, which had an impact ranging from 
43.47 % (PCOP) up to 76.99 % (MAETP) of the entire 
desktop PC. The actual weight of a motherboard accounts 
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Fig. 7 Environmental impacts 
of the manufacturing phase of 
the LCD screen expressed 
with the CML method 
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only for 6.3 %, as shown in Table 2. Another important 
component was the power supply (PS) with an impact 
between 6.27 % (MAETP) and 32.38 % (PCOP). Other 
components of the desktop PC were of much smaller 
importance. 

In the case of the two types of screens shown in Figs. 6 
and 7, the respective screen material and PWB contributed 
the most to the environmental impacts of these components. 
In case of the CRT screen, the cathode ray tube itself and the 
PWB were together responsible for more than 80 % of the 
environmental impact of this device. Here, the glass in the 
CRT was responsible for the main part, mainly due to its 
high weight. In case of the competing LCD technology, the 
PWB had by far the greatest contribution to the environ¬ 
mental impact, with an impact between 27.36 % (GWP) and 
56.24 % (MAETP), followed by the LCD panel and the 
assembly process. Within the LCD panel, glass and various 
coatings were responsible for the highest impact. 


3.2.2 Use phase 

The environmental impact of the use phase was due only to 
the use of electricity (here the electricity was generated by 
coal, oil, natural gas, and hydropower)—i.e., the use-phase 
contributions to the impact were equal to those of the 
respective electricity mix. For the desktop and the two 
screens, their environmental impacts were mainly based on 
their power and their respective proportions (two screens). 
Therefore, the desktop had more environmental impact than 
the two screens in the use phase, with the LCD screen 
contributing more than the CRT screen. 


From Fig. 8, it can be seen that in the use phase, the 
electricity generated by coal was of much more importance, 
accounting for about 66 % of the total environmental im¬ 
pact, followed by oil and gas. The electricity generated by 
hydropower consumed fewer fossil and metal resources, and 
released almost no any gas emissions to the air, and hence 
was cleaner than the other three electricity sources. 
Hydropower contributed about 10.88 % of the electricity 
used, but only 0.10 % of the environmental impact in the use 
phase. 

From the above analysis, we can know that the elec¬ 
tricity generated by different fuels have a high sensitivity 
on the environmental impacts. In addition, the life time 
of desktop PCs directly related to the electricity con¬ 
sumption of the use phase, therefore the life time will 
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Fig. 8 Environmental impacts of the use phase 
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Fig. 9 Environmental impacts of the EoL phase 


have a large influence on the environment impact of use 
phase. 

3.2.3 EoL phase 

For the last life stage—the EoL treatment—the actual im¬ 
pact in Macau came mainly from the incineration process of 
desktop PCs, as shown in Fig. 9. Here, it is shown that the 
desktop owned the largest environmental impacts in the EoL 
phase, followed by the LCD screen. 

The impacts of incineration are relatively small, and 
some steel and electricity are recovered, but a large amount 
of resources—e.g., steel, plastic, copper, aluminum, and 
some others—are wasted in the incineration process. End- 
use product recycling is one approach to waste management 
that can reduce the burden to the environment, such as 
reducing the landfill space. Recycling also reduces the con¬ 


sumption of refined materials and energy used (saving re¬ 
source usage) for new material extraction (Witoon et al. 
2008). It thus helps to improve environmental performance 
over the life cycle of products and also generates market 
values for selling recovered materials. 

Using the recycling technology of the trial project on e- 
waste treatment in Macau, the environmental impacts are 
shown in Fig. 9. In contrast to the incineration process (with 
its negative environmental impacts), the results show that 
the recycling treatment will bring a great environmental 
benefits, about -14.12 Pt. Similar to the incineration treat¬ 
ment, the recycling of the desktop would also be of the most 
importance, accounting for about 71 % of the environmental 
impact, followed by the LCD screen. 

For the desktop, more detailed environmental impact 
results for the various components are shown in Fig. 10, 
expressed by the CML 2001 method. It can be seen that 
only four processes contributed to the benefits—the recy¬ 
cling of metal parts (including the plastic and chipboard), 
the reuse of the HDD, the reuse of the memory bank, 
and the recycling of the PS. The others were of minor 
importance, as their value never contributed more than 
10 % to the overall benefits. In the case of the two 
screens, shown in Tigs. 11 and 12, the respective metal 
recycling (including metal, plastic, and chipboard) con¬ 
tributed the most to the environmental benefit for the 
CRT and LCD screens. For the CRT screen, the other 
environmental benefits came from the treatment of the 
PWB and the CRT itself, and the environmental impacts 
were caused by the manual dismantling and treatment of 
cables and the PWB. In case of the LCD screen, except 
for the metal recycling, the benefits were generated by 
the PWB treatment, while the dismantling process con¬ 
tributed the most to the environmental impact. 


Fig. 10 Environmental impacts 
of the desktop expressed with 
the CML method 
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Fig. 11 Environmental impacts 
of the CRT screen expressed 
with the CML method 
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A more detailed view of the three devices—the desktop 
PC and the two screen types—is shown in Table 7. It can be 
seen that avoiding emissions to water, especially for arsenic 
and cadmium, were the most important environmental ben¬ 
efits for the desktop, accounting for about 44.7 %, followed 
by avoided emissions to the air. For the two screen types, the 
most environmental benefits were obtained through avoid¬ 
ing emissions to the air. 

3.3 Comparison between competing technologies (LCD, CRT) 

Due to the different sizes of the devices examined, reflecting 
the limits and market conditions of the various technologies, 
a comparison based on the numbers of these devices in use 
for the above study would not really be accurate. Therefore, 


a relative comparison was established instead. For the EoL 
phase, the recycling technology was considered. Hence, a 
comparison between one 17-inch CRT screen and one 17- 
inch LCD screen could be established, and is shown in 
Fig. 13. 

For the entire life cycle of CRT and LCD screens, the 
environmental impacts were similar—44.32 Pt and 44.92 Pt, 
respectively. As can be seen from Fig. 13, the CRT technol¬ 
ogy showed the higher environmental impact is in the dis¬ 
tribution and use phases due to its higher weight and power 
requirements. The LCD technology, on the other hand, 
showed more impact in the manufacturing phase. In the 
EoL phase, when the recycling technology was used, the 
two technologies could both create some environmental 
benefits, due to the recycling of valuable resources and 


Fig. 12 Environmental impacts 
of the LCD screen expressed 
with the CML method 
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Table 7 Main contributors to 
environmental impacts in the 
EoL phase (Pt) 


Categories 


Desktop 

CRT 

LCD 

Metal resources 

Copper 

-0.34 

-0.13 

-0.13 


Nickel 

-0.20 


-0.05 

Fossil resources 

Gas, natural 

-0.39 

-0.07 

-0.29 


Oil, crude 

-0.39 

-0.08 

-0.37 

Emissions to air 

Nitrogen oxides 

-0.23 

— 

-0.03 


Sulfur dioxide 

-0.71 

-0.24 

-0.28 


Arsenic 

-0.21 

-0.08 

-0.09 


Cadmium 

-0.45 

-0.18 

-0.19 


Chromium 

-0.15 

— 

-0.04 


Copper 

0.00 

-0.04 

-0.04 


Lead 

-0.15 

-0.06 

-0.06 


Nickel 

-0.34 

-0.13 

-0.14 


Particulates, <2.5 pm 

-0.47 

-0.06 

-0.08 


Particulates, >2.5 pm and <10 pm 

-0.31 

-0.03 

-0.06 


Zinc 

0.00 

-0.02 

-0.02 

Emissions to water 

Arsenic, ion 

-2.90 

-0.46 

-0.47 


Cadmium, ion 

-1.90 

-0.32 

-0.34 


Copper, ion 

0.33 

0.02 

0.69 


Nickel, ion 

— 

— 

0.05 

Others 


-1.40 

-0.13 

-0.20 

Total 


-10.00 

-2.01 

-2.11 


reused components. However, because of the limitations of 
the recycling technology, the CRT screen can produce a 
larger benefit than the LCD screen. In addition, the largest 
environmental impacts appeared in the use phase for the 
CRT technology, while for the LCD technology, the manu¬ 
facturing phase had the most impact. For the influence 
categories, the two technologies were similar; their impacts 
on human health were the largest, followed by the impacts 
on resources. 
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Fig. 13 Comparison between CRT and LCD technologies 


While the environmental impacts of the two screens were 
different in different phases, their overall impacts were 
similar, but because the LCD screen is lighter and more 
convenient, and uses less power, the LCD technology is 
gradually replacing the CRT technology. 


4 Conclusions 

The desktop PC contributes to a variety of environmental 
impacts throughout its entire life cycle. In the whole life time 
of desktop PCs, the manufacture and use phases generate 
more impacts than the two other life stages—distribution 
and EoL treatment. Within the manufacturing step of a desk¬ 
top PC system, the desktop contributes the most to the total 
environmental impacts (44.89 Pt), followed by the LCD 
screen (about 27.53 Pt), while CRT screen, keyboard, and 
mouse are of minor importance. In Macau, the electricity 
generated by coal is by far the most important, accounting 
for about 66 % of the total environmental impact, followed by 
oil and gas. Within the EoL treatment phase, using incinera¬ 
tion, there will be little environmental impact. When adopting 
the recycling technology in the EoL phase, an apparent envi¬ 
ronmental benefits will be generated due mainly to the avoid¬ 
ance of emissions to water (arsenic ions and cadmium ions) 
and emissions to the air (S0 2 ) in the primary production. 


Springer 

















































Int J Life Cycle Assess (2013) 18:553-566 


565 


For the competing technologies (CRT and LCD screens), 
the environmental impacts are different in different phases, 
although the total impacts over their entire life cycles are 
similar. Because the LCD screen is lighter and more conve¬ 
nient, and uses less power, however, this is gradually replac¬ 
ing the CRT technology. 

Based on the results of this study, some recommendations 
are considered as priority areas for action for ensuring long¬ 
term sustainability, for policy makers. The most important 
environmental impacts arising from the desktop PC, outside 
the EoL phase, are directly related to their high levels of 
energy use (fossil energy and electricity) and their emissions 
to water, air, and soil. Thus, promoting the transition to 
environmentally friendly energy sources and increasing the 
energy efficiency within various life cycle stages will reduce 
the environmental impacts of the desktop PC. Second, a 
more directly applicable approach could be the promotion 
of more environmentally friendly products (eco-design). 
The best approach, however, would be to focus on reducing 
overall energy consumption and emissions. For future e- 
waste treatment in Macau, recycling technology is recom¬ 
mended to deal with the e-waste to recover and recycle more 
of the valuable materials. 
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